To clear the effect of grain boundary resistivity on solid state phase transformation, an electrical current pulse (ECP) was applied to a 40% cold-rolled CuZn alloy, and the angle between the exerted current direction (CD) and rolling direction (RD) varied from 0 to 90°. Results showed that with the change of angle, the average grain sizes of ECP treated samples were varied. Through the thermodynamic analysis, it was known that the different diffusion activation energy induced by different grain boundary resistivity was attributed to the evolution of microstructure.
Introduction
The special effects of high electric current fluxes on solidstate reactivity have been concerned by many researchers. Zhu proposed that phase transformation was induced in a Zn Al based alloy by the thermal and electromigration effects of electric current pulses (ECP). 1, 2) Regel reported that the MnBi/Bi eutectic could directionally solidify with freezing rate oscillations caused by electric current passing. 3) Dolinsky and Elperin proposed that the application of electric current would accelerate the nucleation rate of the high conductivity phase by decreasing the thermodynamic barrier of phase transformation. 4, 5) Dai reported that the oriented nanotwins and segregation of lead were observed in ECP treated CuZn alloy. 6, 7) Furthermore, Zhou found that the application of ECP could dramatically enhance the diffusion coefficient of a CuZn alloy. 8) However, the effects of current direction (CD) and the grain boundary resistivity on diffusion phase transformation induced by ECP have seldom been investigated.
As known, the grain boundaries of cold-rolled samples tend to parallel to the rolling direction (RD), and the diffusion phase transformation is controlled by the grain boundary diffusion at low temperature and the lattice diffusion becomes the dominated factor at high temperature. 9) Hence, an interaction between the CD and the grain boundaries, which parallel to the RD, might occur if diffusion phase transformation is caused by electric current. On the other hand, since diffusion in the cold-worked state is much faster than that in the annealed state, the influence of grain boundaries on phase transformation induced by ECP might be important, especially to the nucleation of phase transformation.
In this study, a cold-rolled CuZn alloy was used as research object, and by changing the angle between the CD and RD, the effect of grain boundaries, especially the grain boundary resistivity, on solid state phase transformation was investigated.
Experimental Process
A 40% cold-rolled CuZn alloy with chemical composition at 59.1% Cu, 40.6% Zn, and 0.3% Pb was selected as research material in this study, and as shown in Fig. 1 , almost all the elongated grain boundaries paralleled to the rolling direction. Dog-bone shaped samples with the middle effective parts at 6 mm length, 3 mm width, and 1 mm thick were prepared by using the electrospark discharge technique ( Fig. 2(a) ). As schematic shown in Fig. 2(b) , the much larger ends of samples were put into Cu electrodes, and their temperature rise could be neglected during ECP treatment. Therefore, the cooling rate of the middle effective part should be at a high level. All the samples were divided into four groups according to the angles between CD and RD, i.e., (a) 0°, (b) 30°, (c) 60°and (d) 90°. To make the caused Joule heating identical, the same input energy with the same current density was exerted upon the above four groups. Figure 2 (c) plots the waveform of the current density ( j) versus the applying time (t) detected in situ by a Rogowski coil and a TDS3012 digital storage oscilloscope. The waveform implied that the damping sinusoids j m = 13.2 kA·mm ¹2 and pulse duration t = 1.5 ms. To prepare specimens for test, the affective parts were cut from dog-bone shaped samples, and fine polished then lightly etched. As to the texture measurement, three incomplete {111}, {200} and {220} pole figures were measured up to a maximal polar angle of 70°by the Schulz back-reflection method using Co-Ka radiation. 10) The corresponding orientation distribution functions (ODFs) were calculated with the two-step method. The microhardness measurements were carried out by a 401 MVDTM digital sclerometer on the polished surfaces under an applied load of 20 g for 15 s. To investigate the effect of the exerted current direction on the hardness, over 20 points were selected from each CD and RD line in every specimen shown in Fig. 2(a) . In addition, optical microscope was used to characterize the morphology of samples. Figure 3 reveals the average Vickers hardness of samples prepared under different conditions. Obviously, the microhardness of cold-rolled sample was much higher than that of ECP treated samples, and the difference of hardness along CD and RD was ambiguous for the ECP treated samples. Figure 4 shows the optical micrographs of ECP treated samples. Though the identical energy were exerted, the average grain sizes were 12, 20, 35 and 36 µm when the angles increased from 0 to 90°, implying that the exerted current direction had a great effect on the evolution of microstructure of ECP treated sample.
Results and Discussion
In this experiment, the temperature rise of the sample is induced by Joule heating of electric current and it is dominated by the energy of ECP. Theoretically, the average temperature rise can be calculated according to the following equation
where I is the instantaneous current intensity of pulse, t is the corresponding duration, S is the cross sectional area of the sample used. The µ, d and C are the electrical resistivity (0.062 © 10 ¹6 ³·m), the density (8.40 g·cm ¹3 ), and the specific heat (378 J·kg ¹1 ·K
¹1
) of the CuZn alloy, respectively. According to the damped ECP wave shown in Fig. 2(c) , the maximum temperature of the effective part is about 1023 K with the average heating rate at about 10 5°C ·s
. Analyzed from the CuZn alloy phase diagram, 12) it is known that at room temperature, the predominant phases for H59 CuZn alloy are the face centered cubic ¡ phase and the body centered cubic ¢A phase. During the current passing, the ¡ and ¢A phases transform to the body centered cubic ¢ phase by long range atom drift, when the temperature is higher than the phase transformation temperature of ¡ + ¢A ¼ ¢ (about 1003 K). If the cooling rate is not too high in the cooling course, the ¡ phase should be precipitated from the ¢ phase by long-range diffusion of atoms. For a rapid cooling course, the high-temperature ¢ phase is quenched to the ¢A phase, and the ¡ phase is prevented from precipitating from the ¢ phase for the lack of significant long-range diffusion. In this study, the maximum temperature of the effective part gets to 1023 K, and it is higher than the phase transformation temperature. Combining with the microstructural evolution of samples treated by ECP treatment, a diffusion phase transformation, ¡ + ¢A ¼ ¢, must take place in a two phase CuZn alloy during rapid heating caused by ECP.
To clear the effect of crystal orientation on diffusivity, Fig. 5 plots ODF images of ¡ phase for the four group samples. In the ECP treated samples, the original cold-rolled texture component could hardly be found, and the distribution of grains was more random than that in the cold-rolled sample. Since the formation of nuclei is caused by ECP, and the driving force for grain growth should be identical, the CD must play a great role on evolution of microstructure of ECP treated sample at the initial process of phase transform. Namely, the effect of cold-rolled grain boundaries on phase transformation is mainly in the initial period of nucleation. On the other hand, since the same original cold-rolled texture component was used, the dependence of the diffusivity on crystal orientation can be ignored. In fact, diffusion always occurs in such a way to produce a macroscopic flow of solute atoms down the concentration gradient, which is affected by atom drift velocity. A flux of atoms induced by current passing can be driven by a concentration gradient, an electric current and a temperature gradient. Because of the different properties of ¡ and ¢A phases, their temperature rise might have some difference, and an atom flow caused by temperature gradient (thermotransport) might be appeared. Since the thermotransport is generally a second-order effect compared with electromigration, 13, 14) the effect of the temperature gradient can be neglected in so short ECP duration time. Hence, the different average atom drift velocity V ie caused by electric current passing might be the reason for the different microstructure of ECP treated samples 9, 14, 15) 
where J ie is the atomic flux from electromigration, c i is the atomic density, D* is the self-diffusion coefficient, Z* is an effective charge, which includes the electrostatic and the electron-wind contributions, E is the applied electric field, e is the electron charge, k is Boltzmann's constant, T is the absolute temperature, j is the current density, µ is the resistivity, D 0 is the pre-exponential factor and Q is the activation energy. From Fig. 1 and Fig. 4 , the average diffusion distance of Cu or Zn atoms during ECP remaining time of 1.5 ms can be evaluated as half of the average grain sizes of 12, 20, 35 and 36 µm for the samples with angles at 0, 30, 60, 90°, respectively. Hence, the average atomic drift velocity is about 10 4 µm·s ¹1 and it is much higher than that calculated from eq. (2). On the consideration that the diffusion activation energy could be enhanced by the application of electric current, 6) it is reasonable to assume that the different velocity could be ascribed to the effect of D 0 and Q. By evaluation, the change of Q by the different atomic displacement is 6.20, 5.75, 5.28 and 5.23 eV, respectively, for the four ECP treated samples. Namely, the different activation energy is appeared for the different angle between CD and RD. Because the effect of current on grain growth after nucleation is almost the same for the four groups, the different activation energy after ECP treatment can be trace back to the different distribution of grain boundary for samples before ECP treatment. Since the ECP treatment could increase nucleation rate of the high conductivity phase by the decrease of thermodynamic barrier during phase transformation, 7) it can be assumed that the grain boundary resistivity would be decreased with the increasing of angle between CD and RD.
Conclusions
The average grain sizes of cold-rolled CuZn alloy samples treated by electrical current pulse (ECP) are about 12, 20, 35 and 36 µm when the angles between the current direction (CD) and rolling direction (RD) are 0, 30, 60, and 90°, respectively. Diffusion phase transformation, ¡ + ¢A ¼ ¢, must take place during rapid heating caused by ECP. The 
